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The objective of antibody-drug conjugate (ADC) bioanalysis at different stages of drug development may vary and so are the associated bioanalytical challenges. While at early drug discovery stage involving candidate selection, optimization and preliminary nonclinical assessments, the goal of ADC bioanalysis is to provide PK, toxicity and efficacy data that assists in the design and selection of potential drug candidates, the late nonclinical and clinical drug development stage typically involves regulated ADC bioanalysis that delivers TK data to define and understand pharmacological and toxicological properties of the lead ADC candidate. Bioanalytical strategies and considerations involved in developing successful ligand-binding assays for ADC characterization from early discovery to late nonclinical stages of drug development are presented here.
Antibody-drug conjugates (ADCs) are an emerging class of biotherapeutics that hold potential over conventional chemotherapies to provide targeted delivery of cytotoxic drug to tumor cells with enhanced biological activity (improved efficacy, selectivity and therapeutic index), and limited systemic exposure. ADCs have complex multicomponent structures and are inherently heterogeneous in nature. The heterogeneity arises due to the different number of small molecule drugs conjugated to the antibody moiety of ADC (also defined as drug-antibody ratio [DAR] ), and the different sites of conjugation on the antibody. It is a by-product of conjugation chemistries employed for linking small molecule drugs to the antibody moiety of ADC.
The DAR heterogeneity in starting reference material may evolve further in systemic circulation due to enzymatic or chemicalinduced deconjugation of the small molecule drug from the ADC and due to differences in the clearance rate of different DAR species [1] [2] [3] [4] [5] [6] [7] . The physicochemical characteristics of ADCs such as chemistry of conjugation, lability (cleavable vs noncleavable) of the linker, and the actual sites of conjugation govern the mechanism of deconjugation, the rate of small molecule drug release and the overall in vivo stability of ADC [1, 7] .
Owing to their multicomponent structure, inherently heterogeneous and dynamic nature, multiple analytes are utilized to determine PK and fate of ADCs in vivo [8] .
The commonly used ADC-related analytes future science group Bioanalytical Challenge Kumar, King, Clark & Gorovits include the conjugated antibody (DAR greater than or equal to one), the total antibody (DAR greater than or equal to zero), the antibody-conjugated small molecule drug, the released small molecule drug (resulting from in vivo deconjugation), the DAR distribution over time and the antidrug antibodies (ADAs) against any component of multicomponent ADC molecule. However, the precise collection of analytes needed depends on the detailed physicochemical characteristics of the ADC molecule and the endpoints required for understanding of the ADME properties and PK characteristics of the ADC molecule.
Depending on the PK information sought, bioanalytical methods such as ligand-binding assays (LBA), LC separation coupled with MS detection (LC-MS), and combination of both methods are employed for analyzing the diversity of ADC analytes. LBA-based methods are often employed for monitoring the total antibody, conjugated antibody and antidrug antibody analytes [8] . LC-MS-based methods are mainly utilized for the detection and quantitation of the antibody-conjugated small molecule drug, released unconjugated small molecule drug and its metabolites, and DAR distribution over time [9] [10] [11] . However, the exact set of methods applied for understanding PK and immunogenicity of ADCs may evolve as more information is gained on ADC pharmacology from clinical trials and postmarketing data. This review focuses on challenges associated with ADC bioanalysis using LBA-based methods and the bioanalytical approaches and strategies that might be adopted for PK characterization of diverse ADC analytes from early discovery to late nonclinical stages of drug development. The LBA-based ADA bioanalysis is outside the scope of this review article.
ADC bioanalysis at different stages of drug development
The early to late stages of drug development may have different PK questions (such as ADC stability, exposure and safety) that need to be answered and thus may require different endpoints to address these questions [9, 12, 13] . During early drug discovery stage that involves candidate selection, optimization and early nonclinical assessments, the goal of ADC bioanalysis is to provide insights into the overall stability, safety and efficacy characteristics of the drug candidates. Such information allows comparison of ADC candidates with various linker-small molecule drug combinations and facilitates selection and ranking of optimal candidates that can progress to lead candidates with the best safety and efficacy profile. The commonly measured analytes at early discovery stage are tabulated in Table 1 and may include the total antibody, conjugated antibody and/or antibody-conjugated small molecule drug, released unconjugated small molecule drug and its metabolites, and in vitro and in vivo changes in DAR distribution over time [9] . In addition, ADA might also be evaluated during early drug discovery stage, particularly if abnormal PK profile due to ADAmediated clearance is suspected in initial nonclinical assessments [14] .
During late nonclinical stage of drug development, the objective of ADC bioanalysis is to gain better Antibody-drug conjugates nonclinical support Bioanalytical Challenge understanding of the nature of pharmacological and toxicological properties of the lead drug candidate. The observed toxicity and TK data provides insights about the exposure-response relationship, aids in predicting human PK, and facilitates translation of nonclinical data to clinical outcomes. The additional analyte measured at this stage typically includes ADAs along with the other multiple analytes measured in early drug discovery stage (Table 1) [9, 12, 13] .
ADC bioanalysis using ligand-binding assays & associated challenges
Ligand-binding assays offer unique advantages for quantitation of large molecule component of ADCs including high assay sensitivity and throughput, the broad range of quantitation, the requirement of minimal sample volume and their ability to measure the analyte of interest in the biological matrix without additional sample extraction steps. But the complex multicomponent structure, inherently heterogeneous and dynamically evolving in vivo behavior of ADCs presents unique challenges in ADC bioanalysis using LBAs:
• While single LBA is typically utilized for quantitation of large molecule therapeutics, multiple LBAs such as the total antibody assay and the conjugated antibody assay are needed for the quantitation of diverse ADC-related analytes;
• Due to their heterogeneous nature and dynamically evolving in vivo behavior, the starting ADC reference material may not accurately represent the ADC composition present in the incurred samples, particularly at later time points [8, 9] . Thus the selection of correct reference standard for quantitative LBAs for ADC bioanalysis presents a major challenge. Current bioanalytical validation guidance does not address this ADC specific challenge;
• Depending on the question to be answered, DARsensitive or DAR-insensitive LBAs may be needed for ADC bioanalysis (discussed in detail in the later section). A DAR-sensitive assay attempts to measure ADC analyte concentration based on the number of small molecule drugs attached to the ADC, but may not be able to measure small molecule drug for all DAR species stoichiometrically. Ideally a DAR-sensitive LBA would be equivalent to the conjugated small molecule assay. The reverse is true for DAR-insensitive assays that attempt to measure various DAR components of the ADC equally, and hence are not biased toward the varying DAR values of the ADC.
Since DAR sensitivity of an assay could be governed by the critical (capture and detection) reagents and assay formats used [1, 9, 15, 16] , the design and development of DAR-sensitive and DARinsensitive assays may require screening multiple assay formats, assay conditions and critical reagents. In addition, for a given drug candidate, due to differences in critical reagents and assay formats used, the DAR-sensitive and DAR-insensitive assays may deliver significantly different observed PK profiles and associated critical PK parameters such as clearance and drug exposure [15, 17] , which in turn may present significant challenges when early discovery PK data for the same drug candidate is compared with its late stage regulatory TK data. The variable sensitivity of the assays to the DAR values may also complicate direct comparison of the exposure results between various ADC candidates;
• Interference from unconjugated antibody (Ab) may reduce the specificity of bioanalytical assay designed for exclusive quantitation of intact ADC (fully conjugated and partially conjugated). The specificity of an assay format exploiting target tumor antigens or antibodies against antibody components of ADCs as capture reagents to detect intact ADC can be affected by competition from the Ab resulting from complete deconjugation in vivo. Theoretically, this competitive binding of Ab may impact the observed concentration of intact ADC, particularly at later time points when owing to in vivo deconjugation, the concentration of Ab in the system may rise relative to the ADC concentration. The consideration for Ab interference in the intact ADC quantitation could be taken in the context of target interference in the LBA assay. Similar to the target interference, the interference information may not be known upfront but evaluating it early would eliminate the risk of developing assays that may exhibit interference. Table 2 shows an example for the impact of Ab interference on the performance of an assay designed for exclusive quantitation of intact ADC. In the assay format, the intact ADC was captured using target protein and was detected using antibodies against small molecule drug. The accuracy of the assay was determined by spiking known concentrations of antibody component of ADC (i.e., Ab) into QC samples prepared with ADC dosing material. The QC samples quantitated against the ADC reference standard exhibited significantly reduced recovery at higher concentrations of Ab. Even a five-fold increase in concentration of capture reagent showed no substantial improvement future science group Bioanalytical Challenge Kumar, King, Clark & Gorovits in the recovery of ADC QC samples when spiked with Ab (data not shown).
Accuracy is defined as the closeness of agreement between the observed concentration (E) and the nominal concentration (T) and is expressed as percent relative error (%RE).
The assay performance was evaluated in rodent serum for an ADC containing lysine-based conventional conjugation chemistry. The assay format on a Mesoscale Discovery (MSD) platform involved capture of intact ADC via its antibody framework using target protein as the capture reagent and detection using antibodies against the small molecule drug. High (1000 ng/ml) and low (25 ng/ml) QC ADC samples spiked with varying concentrations of Ab (0-25 μg/ml) were quantitated against the ADC reference standard. The range of quantitation (ROQ) for standard curve was 10-1300 ng/ml in 100% matrix;
• Due to highly potent cytotoxic activity of small molecule component of ADCs, the potential toxicity concerns are usually higher for ADCs. As a result, compared with large molecule therapeutics, relatively lower dose ranges may be selected for nonclinical and clinical studies for ADCs. LBAs for ADC bioanalysis thus may require high assay sensitivities (in the low ng/ml range) than typically expected for large molecule therapeutics [18] [19] [20] [21] ;
• The selection of an appropriate biological matrix also presents unique challenge during ADC bioanalysis. The preferred matrix for bioanalysis of small molecule therapeutics using LC-MS platform and large molecule therapeutics using LBA platform are typically plasma and serum, respectively. However, since ADCs contain both small and large molecule therapeutics, the selection of optimal matrix for ADC bioanalysis becomes debatable.
Depending on the linker lability and ADC stability, the processing of serum may cause deconjugation and release of cytotoxic small molecule drug that may interfere in quantitation of small molecule analyte of some ADCs. The plasma matrix is thus preferred for LC-MS-based quantitation of the antibody-conjugated small molecule drug and/or the released unconjugated small molecule drug and its metabolites [9] . But the plasma processing is also associated with its own set of challenges such as the selection of appropriate anticoagulant from the list of available anticoagulants such as EDTA, heparin or sodium citrate; the appropriate volume of blood collected in collection tubes to ensure optimum blood/anticoagulant ratio; and the freeze-thaw stability of plasma [22, 23] ;
• Though not commonly observed, LBA performance may be impacted by the binding of known matrix components to either large molecule or small molecule component of multicomponent ADC [24] . Such interferences may reduce desired sensitivity of the assay. Table 3 shows an example for the impact of known matrix component interference on the assay performance in serum samples from rodents and nonhuman primates (NHP). Though similar assay format and similar experimental conditions were employed for quantitation of intact ADC in both species, the assay performance reflected by significantly reduced recovery of QC samples at the lower end of the ROQ was impacted in NHP serum samples. Further analysis revealed that the specific binding of a known matrix protein to one of the component of multicomponent ADC in NHP serum caused the observed decrease in recovery of QC samples (data not shown).
The assay performance was evaluated in two individual species, rodents and NHP, for an ADC with lysine-based conventional conjugation chemistry. The assay format on an MSD platform involved capture of intact ADC via its antibody framework using target protein as the capture reagent and Antibody-drug conjugates nonclinical support Bioanalytical Challenge detection using antibodies against the small molecule drug. The accuracy of the assay was determined by quantitating ADC QC samples (ULOQ: 1300 ng/ml, High QC: 1000 ng/ml, Mid QC: 500 ng/ml, Low QC: 25 ng/ml, LLOQ: 10 ng/ml) spanning the range of quantitation against the ADC reference standard in both species. The ROQ for standard curve was 10-1300 ng/ml in 100% matrix.
Strategies & considerations to mitigate challenges associated with LBA-based ADC bioanalysis
How PK parameters are used may be different at different stages of drug development, and so are the associated bioanalytical challenges. The strategies and bioanalytical approaches employed for assay development may thus need to be adapted at each stage. This may require exploring multiple bioanalytical platforms, assay formats, critical reagents and biological matrix (plasma vs serum) to ensure that the most appropriate bioanalytical tools are used. In addition, the information about the biology (such as mechanism of action, targeted tumor antigen) and physicochemical characteristics (such as conjugation chemistry, type of linker, average DAR, small molecule drug properties) of ADC can aid in the design and development of robust and reliable LBAs for analyzing diverse ADC analytes. In general, during the early drug discovery stage, where research teams are working with large number of similar compounds for a given target, the availability of critical reagents, time and resources may be limited. As a result, flexible 'fit-for-purpose' assay development approaches and generic reagents against human IgG, or Fc region or (Fab') 2 region are often employed [14, 25] . In contrast, the late nonclinical drug development stage involving investigational new drug (IND) enabling studies typically require validated assays that follow regulatory guidance on criteria used to define the ROQ, precision, accuracy, specificity, selectivity, robustness and ruggedness [26] . In order to meet these expectations, specific reagents such as target antigen proteins, monoclonal anti-idiotype (Id) antibodies, anti-complementary determining regions (anti-CDR) antibodies, etc. are frequently used in the validated assays. The usage of specific reagents may also raise questions whether the assay measures 'free' versus 'total' analyte concentration [27] . In the context of ADC bioanalysis, the 'free' analyte concentration reflects concentration of ADC analytes that have at least one unoccupied target binding site (i.e., both antigen-free and -partially free analytes). Whereas the 'total' analyte concentration provides all forms of target antigen bound and unbound concentration of ADC analytes.
The differences in critical reagents and assay formats adopted for large molecule bioanalysis at different stages of drug development may have an impact on the observed analyte concentration and the associated PK profile and calculation of critical PK parameters. Though there are no issued regulatory guidelines or industry-wide best practices for assays validations specific for ADCs, currently the assay validation guidelines for large and small molecules are applied for ADC bioanalysis. Thus, the challenges associated with large molecule bioanalysis at various stages of drug development are applicable for ADC bioanalysis as well.
In addition, during early non-regulated discovery stage, when PK data is needed for design and selection of optimal ADC candidates that can advance to lead candidates, DAR-sensitive LBAs may be useful to better describe the changes in conjugated small molecule over time and associated PK parameters. At this stage in drug development, toxicology and efficacy studies conducted with multiple antibody, small molecule, linker and conjugation chemistry (and conjugation site) combinations often aid in selection and ranking of multiple ADC candidates. The need to obtain some measure of conjugated small molecule by either LC-MS or through the use of a DAR-sensitive conjugated antibody assays is based on the mechanism of action based hypothesis that conjugated small molecule drug is the main driver of efficacy at the site of action [28, 29] , and that the potency is directly propor- To better understand the change in DAR species over time, LC-MS measurement of average DAR is also often measured and the DAR distribution data are combined with the total antibody and conjugated antibody data to select optimal candidates. During the late drug development stage, when the IND enabling studies are conducted for the lead ADC candidate, validated DAR-insensitive LBAs may be needed for collection of PK data so that all DAR species are measured equally to aid in defining and understanding potential toxicity and TK of the lead candidate. This is because of a need to meet regulated validation expectations and because of our limited current understanding on which DAR species can provide best correlation for exposure-response relationship for safety of ADCs.
The recommendations for assay development and validation for total antibody and conjugated antibody analytes of ADCs has been discussed elsewhere [8] . The heterogeneous mixture of ADCs containing various DAR species and diverse conjugation sites may have different binding affinities for the critical reagents used in the total antibody and conjugated antibody assays. Thus depending on the reagents used, the low avidity and the steric hindrance observed during critical reagent binding may lead to inaccurate estimation of low and high DAR species, respectively. For DARinsensitive assays, it is recommended that the assay sensitivity to DAR values be evaluated early on during assay development by comparing the recovery of enriched or individually purified DAR species against the reference standard containing average DAR to ensure that the chosen assay format and critical reagents recover all DAR species equally [8, 9] .
The enriched DAR species represent the heterogeneous mixture of DAR species that has relatively higher abundance of a certain DAR species in the mixture. They are used when the DAR heterogeneity in ADC is too complex to isolate individual DAR species, and are prepared by either crude fractionation of the ADC reference standard or employing conjugation procedures designed to produce DARs either higher or lower than the reference standard DAR [9, 15] . The availability of enriched or purified DAR species may depend on the chemistry of conjugation. For instance, isolation and purification of heterogeneous ADC mixture to individual DAR species may be challenging for conventional lysine-based conjugation chemistry that yields DAR values of 0-8 and generates greater than 1 million different ADC species due to conjugation sites located at approximately 20 different lysine residues on both the heavy and light chain [30] compared with novel site-specific conjugation chemistries that yield site-specific ADCs with DAR values of two or four [31] .
An overview of bioanalytical considerations and challenges associated with LBA-based assessment of total antibody and conjugated antibody analytes are discussed below.
Total antibody assay
Total antibody assay as the name implies measures total antibody (DAR greater than or equal to 0, sum of conjugated and unconjugated forms) analyte of ADC. It monitors antibody component of ADC irrespective of whether cytotoxic small molecule drug is conjugated to the antibody or not. The total antibody concentration is commonly used to assess the antibody-dependent PK characteristics (half-life, clearance) and the overall in vivo stability of the ADC. The conjugation of small molecule drug to the antibody moiety may negatively influence its PK characteristics such as shorter half-life and faster clearance in vivo compared with the parent antibody. For this reason, during early drug discovery stage, the total antibody assay is the primary choice of analyte for comparing ADC candidates with various linker-cytotoxic small molecule drug combinations. In addition, during early discovery stage, in the absence of a conjugated antibody LBA or antibody conjugated small molecule drug LC-MS assay, the data from total antibody assay in combination with DAR measurements could be used for assessing conjugated small molecule drug concentration.
The critical reagents typically employed in the total antibody assay bind to the antibody component of ADC regardless of its DAR value (Figure 1 ). Though these reagents do not directly bind to the small molecule drug, due to steric hindrance the small molecule drug can indirectly influence binding of these reagents to the antibody component of ADC. This interference might be more prominent for higher DAR species. As a result, the assay may not accurately estimate all expected DAR species in systemic circulation, thereby, affecting the observed overall PK characteristics of the ADC. It can be particularly challenging to address this potential issue in early discovery when multiple ADCs with different conjugations sites are analyzed from a single study with the same total antibody assay.
Industry recommends determining if the total antibody assay is DAR-insensitive by evaluating recovery of the samples prepared with the Ab as well as the samples prepared with the enriched or individually purified DAR species against the ADC reference standard with average reported DAR [8] . If a total antibody assay is DARinsensitive, both the Ab and the enriched or purified DAR species should yield percentage recovery within the acceptable range of the assay (e.g., ±20% of nominal).
Both specific reagents such as targeted tumor antigens or anti-Id or anti-CDR monoclonal antibodies, Antibody-drug conjugates nonclinical support Bioanalytical Challenge and generic reagents against human IgG or (Fab') 2 region or Fc region, or light chain (LC), or heavy plus light (H+L) chain regions could be used as critical reagents for total antibody assay. All of these reagents offer their own advantages and limitations. Theoretically, the assay formats utilizing specific reagents owing to their higher binding affinity and specificity should provide better specificity and selectivity, extended dynamic range, higher assay sensitivity and should be relatively easily transferred from nonclinical to clinical matrices. But the availability of specific reagents, particularly targeted tumor antigen may be limited. Even if the antigen protein is available, the application of antigen protein as the critical reagent may render assay susceptible to the target interference. Similarly, though the use of anti-Id or anti-CDR antibodies may offer high assay specificity and sensitivity over generic reagents, their binding to antibody component of ADC may be impacted by the conjugation site on the ADC [16] . Thus, the critical reagent employed for total antibody analyte quantitation depends on the availability of the reagents as well as on the requirement of DAR-sensitive or DAR-insensitive PK profile and PK parameters to evaluate safety, efficacy and in vivo stability of the drug candidate. It has been reported that while for some ADCs, only generic reagents could yield DAR-insensitive total antibody assays, for other ADCs both the generic or specific reagents could yield DAR-insensitive assays [15, 17] . The physicochemical characteristics of the ADC such as conjugation chemistry, linker type and small molecule drug type and conjugation site govern whether the generic or specific or both types of reagents would yield the DAR-insensitive assay. For instance, if a DAR-insensitive assay is needed for an ADC that has conjugation sites largely located on a certain region of the antibody moiety, the usage of a critical reagent that binds to this region may not be the right choice, particularly for higher DAR species.
An example of the impact of change in critical reagent on the DAR sensitivity of a total antibody assay is illustrated in Table 4 . For an ADC with conventional lysine-based conjugation chemistry, when the assay format involving target protein as capture reagent and anti-human Fc as detection reagent was employed for total antibody quantitation, it yielded an overestimation in concentrations for samples prepared with Ab relative to the average DAR standard. The observed over-recovery of samples prepared with Ab suggested that the binding of either the capture or the detection reagent to the antibody component of ADC had been compromised by the small molecule drug conjugation. It has been reported that conventional lysine-based conjugation occurs primarily on regions of the heavy and light chains that offer areas of large solvent accessibility and structural flexibility, and no conjugation sites were observed in CDRs of the antibody moiety [30] . Based on this information, when the detection reagent was changed from the generic antihuman Fc antibody to the LC specific polyclonal antibody in the total antibody assay format, a DAR-insensitive assay was generated. This new assay format yielded acceptable recovery for both Ab and average DAR standard as shown in Table 4 .
Alternative assay formats involving coincubation of samples and critical reagents have also been reported to offer better assay performance against various DAR species [9, 16, 17] . However, since not all ADCs are same, there is no single DAR-insensitive assay format for the total antibody analyte that could fit all ADCs independent of their physicochemical characteristics. The assay strategy for total antibody quantitation would thus need to be adapted on a case-by-case basis.
Total antibody assay performance was evaluated in rodent serum for an ADC containing lysine-based conventional conjugation chemistry. The assay format on an ELISA platform involved capture of the total (uncon-future science group Bioanalytical Challenge Kumar, King, Clark & Gorovits jugated, fully conjugated and partially conjugated) antibody using target protein as a capture reagent, and either Fc-or LC-specific anti-human IgG as detection reagents. The accuracy of the assay was evaluated by quantitating QC samples prepared with ADC or prepared with Ab against the ADC reference standard. HQC, MQC and LQC represent the high, mid and low concentration range of the standard curve, respectively with HQC at 750 ng/ml, mid QC at 500 ng/ml and low QC at 100 ng/ml concentrations in 100% matrix.
Conjugated antibody assay
Conjugated antibody assay is used for monitoring antibody concentration bearing at least one small molecule drug (i.e., DAR is greater than or equal to 1). Because the intact ADC is the active therapeutic analyte, the conjugated antibody assay is used to measure active ADC concentration and to determine ADC PK parameters. In systemic circulation, the conjugated antibody concentration may change owing to the elimination of intact ADC and due to the complete deconjugation of ADC to the Ab.
In order to detect intact ADC, the conjugated antibody assay typically employs critical reagents that bind both the small molecule drug component as well as the antibody component of ADC (Figure 2 ). Similar to the total antibody assay, conjugated antibody assays also exhibit sensitivity to the site of conjugation and the DAR values of the ADC. The binding of anti-small molecule drug antibodies to the small molecule drug component of ADC might be hindered by the solvent accessibility of the conjugation site. In addition, proportional binding may not be possible due to the steric hindrance from multiple adjacently conjugated small molecule drugs. Thus, the conjugated antibody assay may provide inaccurate measurement of higher and lower DAR species in systemic circulation [9, 16] .
The assay format and critical reagents chosen for the conjugated antibody assay may also influence DAR sensitivity of the assay, which in turn may impact observed intact ADC concentration in vivo. Theoretically, an assay format employing anti-small molecule drug antibodies as the detection reagent might exhibit more DAR sensitivity because the observed assay signal might be proportional to the total number of small molecule drug conjugated to the ADC (Figure 2) . In other words, higher DAR species may exhibit higher assay signal compared with the lower DAR species. Whereas, an assay format utilizing anti-small molecule drug antibodies as capture reagent might not be as DAR-sensitive because such antibodies might capture intact ADC through its small molecule drug component irrespective of the number of small molecule drug conjugated to the ADC [15] .
An objective criterion to determine if the assay format selected for the conjugated antibody assay has rendered the assay performance DAR-sensitive, is to evaluate recovery of the samples prepared with the enriched or individually purified DAR species against the ADC reference standard with average reported DAR [8] . If all samples exhibit percentage recovery within the acceptable range of the assay (e.g., ±20% of nominal), it reflects that the chosen assay format is the optimal choice for DAR-insensitive assay. However, if the recovery of samples prepared using various DAR species falls outside of the acceptable range for the assay, further evaluation of assay format and/or reagents is warranted.
The impact of assay format on the DAR sensitivity of a conjugated antibody assay for an ADC with conventional cysteine-based conjugation chemistry is illustrated in Table 5 . In this case, when the assay format involving target protein as capture reagent and the anti-small molecule drug antibodies as detection reagent was employed for intact ADC quantitation, it yielded an overestimation of individually purified high DAR species and underestimation of low DAR species relative to the average DAR standard. However, changing the assay format to using anti-small molecule drug antibodies as capture reagent and target protein as detection reagent, significantly improved percentage recovery of both low and high DAR species. Table 4 . Impact of change in critical reagents on the drug-antibody ratio sensitivity of the total antibody assay. Antibody-drug conjugates nonclinical support Bioanalytical Challenge
QC samples Accuracy for Fc specific detection (%RE) Accuracy for LC specific detection (%RE)
For some ADCs, irrespective of whether the assay format employs small molecule drug specific detection or the small molecule drug specific capture, the DAR sensitivity of the assay may not be alleviated. Thus, like total antibody assay, the DAR sensitivtity of the conjugated antibody assay may also be governed by the physicochemical characteristics of ADC. In addition, due to the high cytotoxic potency of the small molecule drug, generation of high quality antibody reagents with high binding affinity and avidity against the small molecule drug poses a challenge. Table 6 displays DAR sensitivity of a conjugated antibody assay for an ADC containing lysine-based conventional conjugation chemistry. In this case, irrespective of whether the assay format employed either small molecule drug specific detection or the small molecule drug specific capture, the conjugated antibody assay performance for the ADC was affected by DAR values based on the DAR reference standards used. Thus in this situation, it is important to understand that irrespective of the assay format chosen, the critical reagents employed will deliver DAR-sensitive assay, so the observed results should be interpreted accordingly.
Other considerations that may aid in overcoming challenges associated with development and validation of LBAs for ADC bioanalysis include:
• Using the ADC dosing material as a reference standard in both the total antibody and conjugated antibody assays. Development of multiple assays, with each assay utilizing reference standard with a specified DAR to determine impact of ADC heterogeneity on the accuracy of assay is not practical. In addition, since clinical and nonclinical end points are measured following administration of the dos-future science group
Bioanalytical Challenge Kumar, King, Clark & Gorovits ing material, the use of ADC dosing material as a reference standard is appropriate;
• Mitigating Ab interference in the conjugated antibody assay by changing the assay format in such a manner that the reagents against the small molecule drug are used as capture reagents. Theoretically, since such reagents do not directly bind to the antibody component of ADC, they may increase the assay specificity of conjugated antibody assay against intact ADC;
• Compared with the conventional ELISA platform, novel MSD and Gyrolab-based immunoassay platforms that claim to offer higher sensitivity, broad dynamic range, low sample volume and/or reduced matrix interference [32] can be used for attaining higher assay sensitivity for LBAs employed for ADC bioanalysis;
• Endogenous protein interference in the assay can be alleviated either by the use of critical reagents that are not impacted by the binding of such proteins or by optimizing assay buffer composition by introducing appropriate reagents that can block such interference in the assay [24, 25, 33] . In cases where it may not be feasible to eliminate endogenous protein interferences, an increase in the minimum required dilution may be required.
Conclusion
The complex multicomponent structure and dynamic and heterogeneous nature of ADCs require bioanalysis of multiple analytes for PK assessment of ADCs. This review has highlighted unique challenges associated with bioanalytical characterization of ADCs and the strategies to mitigate them. Since the stage of ADC development dictates what PK questions needs to be answered, the bioanalytical challenges associated in addressing those questions may also be unique to each stage. The bioanalytical approaches and strategies therefore would need to be adapted depending on the desired endpoint. The assay formats and assay reagents for ADC bioanalysis may evolve as ADC drug candidates progress from DAR sensitivity of the conjugated antibody assay was evaluated in nonhuman primate (NHP) serum. The assay format on an ELISA platform involved either capture of intact ADC using target capture reagent and detection using antibodies against small molecule drug, or vice versa. Samples prepared with individually purified DAR components (DAR 2, 6, 8) at 175 ng/ml concentration (equivalent to mid QC concentration) in 100% NHP matrix were quantitated against the ADC reference standard (average DAR of 4) curve. The range of quantitation for the assay format employing antibodies against small molecule drug as detection reagent was 18.6-500 ng/ml in 100% NHP matrix. The assay format employing antibodies against small molecule drug as capture reagent had a range of quantitation of 30.0-500 ng/ml in 100% NHP matrix. † DAR 4 sample at mid-QC level was prepared using the ADC reference standard material. ADC: Antibody-drug conjugate; DAR: Drug-antibody ratio. Table 6 . Lack of impact of change in assay format on drug-antibody ratio sensitivity of the conjugated antibody assay for an antibody-drug conjugate containing conventional lysine-based conjugation chemistry. DAR sensitivity of the conjugated antibody assay was evaluated in rodent serum. The assay format on an Mesoscale Discovery platform involved either capture of intact antibody-drug conjugate (ADC) via its antibody framework using target protein as the capture reagent and detection using antibodies against small molecule drug, or vice versa. Samples prepared with enriched DAR fractions (with average reported DAR of 4, 4.4 and 5.1) at 1 μg/ml concentration (equivalent to high quality control concentration) in 100% matrix were quantitated against the ADC reference standard (average DAR of four). The range of quantitation for the standard curve was 10.0-1280 ng/ml in 100% matrix. †
The DAR heterogeneity in ADC was too complex to chromatographically isolate individual DAR species. Thus, enriched DAR species were prepared by crude hydrophobic interaction chromatography fractionation of the ADC reference standard. DAR: Drug-antibody ratio. Novel site-specific ADCs may have less heterogeneity as well as greater in vivo stability than conventional conjugates. The use of novel small-molecule drug classes, linker types and conjugation chemistries will also require increased investment in appropriate bioanalytical strategies to support their progress throughout the drug development. A combination of LBA and LC-MS-based methods will be needed to support future ADC programs. But the balance between platform investments would be defined by the specifics of the ADC program and the need to measure all the relevant analytical species. Novel small-molecule drug classes may be challenging for generation of appropriate reagents against them and may need an early increased investment to define absorption, distribution, metabolism and elimination before specific LBA-based PK assays could be developed.
The relationship between systemic exposure and cellular response remains complex with a multiday transduction process involving extravasation into tissues, cellular binding, internalization, intracellular trafficking, small molecule release and finally intracellular target engagement. Thus, tissue PK and cellular biodistribution studies can be expected to play an important role in understanding this relationship and would require additional bioanalytical investment.
• Antibody-drug conjugates (ADCs) hold potential to deliver improved overall safety and reduced nonspecific off-target toxicity of chemotherapeutics agents.
• ADC bioanalysis at different stages of drug development may vary and so are the associated bioanalytical challenges.
• Novel bioanalytical approaches and strategies including combination of ligand-binding assays (LBA), LC-MS-based platforms are needed to overcome challenges unique to each stage of drug development. • LBAs offer unique advantages for quantitation of ADCs:
-High assay sensitivity and throughput; -Broad range of quantitation; -Minimal sample volume; -Ability to measure in biological matrix without additional sample extraction steps.
• The complex multicomponent structure of ADC also presents unique challenges in ADC bioanalysis using LBAs:
-ADCs are heterogeneous mixtures of various drug-antibody ratio (DAR) species. The DAR heterogeneity comes from conjugation chemistry, linker lability and actual site of conjugation; -ADC heterogeneity is dynamically changing in vivo due to spontaneous or environment-induced deconjugation and due to differences in the clearance rate of various DAR species; -Multiple assays are needed for monitoring diverse ADC analytes; -LBAs may be sensitive to the amount of conjugated small molecule drug present on the ADC molecule.
• ADC-related analytes include the conjugated antibody, the total antibody, antibody-conjugated small molecule drug, released unconjugated small molecule drug and its metabolites, changes in DAR over time and ADAs against any component of the multicomponent ADC.
• In early drug discovery, the goal of ADC bioanalysis is to allow comparison of multiple ADC candidates with various antibodies, linker-small molecule drug combinations to select an optimal candidate. • During pre-clinical regulated studies, the exposure-safety relationship of the lead candidate is defined using analytically validated assays.
• There is no single bioanalytical assay strategy that fits all ADCs, rather strategy needs to be adapted on a case-by-case basis depending on the physicochemical characteristics of the ADC, and the drug development stage. No writing assistance was utilized in the production of this manuscript.
